Efrati A, Gutfreund Y. Early life exposure to noise alters the representation of auditory localization cues in the auditory space map of the barn owl. The auditory space map in the optic tectum (OT) (also known as superior colliculus in mammals) relies on the tuning of neurons to auditory localization cues that correspond to specific sound source locations. This study investigates the effects of early auditory experiences on the neural representation of binaural auditory localization cues. Young barn owls were raised in continuous omnidirectional broadband noise from before hearing onset to the age of ϳ65 days. Data from these birds were compared with data from age-matched control owls and from normal adult owls (Ͼ200 days). In noise-reared owls, the tuning of tectal neurons for interaural level differences and interaural time differences was broader than in control owls. Moreover, in neurons from noise-reared owls, the interaural level differences tuning was biased towards sounds louder in the contralateral ear. A similar bias appeared, but to a much lesser extent, in age-matched control owls and was absent in adult owls. To follow the recovery process from noise exposure, we continued to survey the neural representations in the OT for an extended period of up to several months after removal of the noise. We report that all the noise-rearing effects tended to recover gradually following exposure to a normal acoustic environment. The results suggest that deprivation from experiencing normal acoustic localization cues disrupts the maturation of the auditory space map in the OT.
interaural level difference; interaural time difference; superior colliculus; acoustic deprivation AUDITORY LOCALIZATION RELIES on the evaluation of a variety of cues arising from the interactions of incoming sounds with the physical properties of the head and ears (Middlebrooks and Green 1991) . In barn owls, interaural time differences (ITD) and interaural level differences (ILD) constitute the primary cues for sound source azimuth and elevation, respectively . These cues are processed and combined in the midbrain auditory pathway to produce neurons that are tuned to specific locations in space (Pena and Konishi 2001) . In the optic tectum (OT), space-specific neurons are organized systematically to create an auditory map of space (Olsen et al. 1989 ) that merges with a visual map (Knudsen 1982) .
A fundamental concept in brain development and plasticity is that of sensitive periods, which present a time window of opportunity to shape the brain (Knudsen 2004) . Barn owls reach adult-like appearance at the age of ϳ60 day (Koppl et al. 2005) , coinciding with their readiness to leave the nest. It was shown that chronic manipulations of normal sensory cues with devices such as earplugs or prisms strongly influence the topography of the owl's auditory space map during a sensitive period at an age of ϳ60 -200 days (Brainard and Knudsen 1998; Gold and Knudsen 1999) . However, since the auditory map appears normal at the age of about 60 days (Feldman and Knudsen 1997) , this plasticity serves mainly to adjust an already existing map but not to develop the initial map.
In owls, hearing is practically absent before the age of 2 wk (Koppl and Nickel 2007) . Furthermore, the connections from the nucleus magnocellularis to the nucleus laminaris (the major input source to the ITD processing pathway) matures at about posthatch day 30 (Cheng and Carr 2007; Carr and Boudreau 1996) , and the maturation of the acoustical properties of the head is achieved at ϳ2 mo (Haresign and Moiseff 1998) . Thus extensive developmental processes must take place during the first 2 mo of life to form a functionally mature map. Yet, it remains unknown whether auditory experience is required for the formation of the auditory space map.
The current study was designed to address the influence of early acoustic experience on the representations of ITD and ILD in the midbrain auditory space map. To this end, we raised young barn owls in continuous broadband noise until they reached the age of 2 mo. The auditory space map in the OT was then surveyed using extracellular electrodes. We first report that both ITD and ILD tuning were significantly broader in noise-reared owls compared with age-matched controls. Furthermore, ILD tuning in noise-reared owls was biased towards sounds louder in the contralateral ear. Finally, these abnormal effects tended to recover gradually following exposure to a normal acoustic environment. Our findings demonstrate that the maturation of the normal auditory space map depends on the acoustic experience early in life.
MATERIALS AND METHODS
Animals. All procedures were approved by the Technion Institutional Animal Care and Use Committee. Thirteen barn owls (Tyto alba) were used in this study: six noise-reared, four age-matched controls, and three adult owls. All owls hatched in captivity. Adult owls (Ͼ200 day) were taken from our owl colony, where they were housed in large aviaries equipped with nesting boxes and perching spots. Noise-reared owls were placed in the noise box (see below) at age Ͻ14 day, before hearing onset (Koppl and Nickel 2007) . The owls were removed from the box after the first recording session (60 -70 day). They were released in large aviaries permitting flight and normal auditory experiences. Age-matched control owls were raised under the same conditions as the noise-reared owls, excluding the noise.
Noise box. The noise box was an 80 ϫ 90 ϫ 80 cm 3 wooden box covered by a sound attenuating sheet. The door of the box contained a double glass window (42 ϫ 22 cm 2 ). The box was positioned in a dedicated room in the laboratory with an outside window allowing ambient light to enter the room and the box. The air in the box was replaced continuously using a quiet ventilator positioned outside the box. Six loudspeakers were positioned on each side. White noise was created and amplified either by a custom-made device containing six independent white-noise generators and amplifiers or, in the last experiment (owl #271), by a commercial multiprocessor and power amplifier (RX8 and SA8; Tucker Davis Technologies, Alachua, FL). The white noise was bandpass-filtered (2-12 kHz) and equalized. Sound level was raised gradually during the first day of noise exposure from 75 dB SPL (root mean square value, measured at the center of the box) to a final sound level that varied between 86 -92 dB SPL between the different experiments (see Table 1 ). The sound level inside the box was monitored continuously (sound pressure level measurement package ANL 929A; MED Associates, St. Albans, VT). These continuous measurements were confirmed with a calibrated microphone (7013; ACO Pacific, Belmont, CA) before each experiment. In most cases, two owls were raised together in separate cages inside the box (except for one noise-reared and two control owls that were raised alone in the box, see Table 1 ). No clear differences were observed between the results of these two conditions. Owls were used for electrophysiological experiments only if no changes in the average level (Ͼ2 dB) or spectral structure of the acoustic noise were observed. Owls were fed manually inside the box twice a day at initial stages and once a day at the later stages. In addition, the cage bedding was replaced and the ventilation filter was cleaned twice a week. This was done as briefly and quietly as possible, without removing the owls from the box. The owls behaved and developed normally inside the box without any signs of stress or discomfort from the noise.
Electrophysiology. The owls were prepared for repeated electrophysiological recordings in a single surgical procedure. For the surgery, the owls were removed from the noise box and anesthetized with either halothane or isoflurane (2%) in a mixture of nitrous oxide and oxygen (4:5). A small stainless steel plate with a protruding bolt was cemented to the skull to allow attachment to a stereotaxic device. A craniotomy was performed at a second location above the OT (determined by stereotaxic coordinates), and a threaded recording chamber was cemented to the skull. All incisions were infused with lidocaine hidrochloride (2%) and treated with chloramphenicol oint-ment (5%). After surgery, the owl was returned to its cage in the noise box.
The first recording session was conducted 1 wk after surgery. At the beginning of the recording session, the owl was anesthetized briefly with halothane or isoflurane (1.5%) and nitrous oxide in oxygen (4:5), wrapped in a soft leather jacket, and placed in a stereotaxic apparatus inside a double-wall, sound-attenuating chamber (internal size: 2.05 ϫ 1.7 ϫ 1.95 m 3 ; IAC, Bronx, NY) lined with echo-suppressing foam. The head was bolted to the stereotaxic apparatus and aligned using retinal landmarks (Bravo and Pettigrew 1981) , so that the visual axis was contained in the horizontal plane (as described in Knudsen 1982) . The owl was maintained on a fixed mixture of nitrous oxide and oxygen (4:5). The recording chamber was opened, and a glass-or narylene-coated tungsten microelectrode (ϳ1 M⍀; We-Sense, Nazareth, Israel) was driven into the brain using a motorized manipulator (SM-191; Narishige, Tokyo, Japan). An MPC Plus-8 System (Alpha Omega, Nazareth, Israel) was used to amplify and filter the signal (350 -4,000 Hz). An online spike sorter (MSD; Alpha-Omega, Nazareth, Israel) was used to isolate a small cluster of neurons by manually setting a threshold and selecting the largest unit waveforms in the recorded site. At the end of each recording session, the chamber was treated with chloramphenicol ointment (5%) and closed. The owl was allowed to recover and then returned to the aviary.
Stimulus presentation. Auditory computer-generated stimuli (custom MATLAB programs; MathWorks) were converted to analog (50-kHz sampling rate; RP2; Tucker-Davis Technologies) and delivered by a pair of matched miniature earphones (ED-1914; Knowles, Itasca, IL) . The earphones were placed at the center of the ear canal ϳ8 mm from the tympanic membrane. The amplitude and phase spectra of the earphones were equalized within Ϯ2 dB and Ϯ2 s between 1 and 12 kHz by computer adjustment of the stimulus waveform. Sound levels were controlled by two independent attenuators (PA5; Tucker-Davis Technologies) and were reported as average binaural intensity (ABI) relative to a fixed sound pressure level. Unit tuning was measured by presenting broadband noise bursts (3-12 kHz) varying in ITD or ILD with 10 -15 repetitions in a randomly interleaved order. All auditory stimuli were 50 ms in duration, delivered at a rate of 1 Hz and at an ABI ϳ15-20 dB above threshold (the threshold was defined online as the minimal ABI eliciting responses at the approximated optimal ITD and ILD). ITD tuning was tested with the ILD set to the optimal value (see below) in 20-s increments over a range of 400 s (Ϫ200 s to ϩ200 s; negative values designate left ear-leading ITDs and positive values designate right ear-leading ITDs). ILD tuning was tested with the ITD set to the optimal value in 4-dB increments over a range of 40 dB (Ϫ20 to ϩ20 dB; negative values represent left ear-louder ILDs). Rate-level functions were measured with both ITD and ILD values set to the optimal values and the ABI varying at 5-dB intervals. Visual stimuli consisted of bars and spots of positive and negative contrast, presented by moving a handheld projector over a calibrated screen located 1.5 m in front of the owl. The visual receptive field (VRF) was determined online by registering the position on the screen in which a stimulus elicited the maximal multiunit discharge. The position was represented by its azimuth and elevation relative to the midsagittal plane and the visual horizontal plane, respectively.
Targeting and sampling of the OT. Identification of the OT was based on stereotaxic coordinates and expected physiological properties. The OT was recognized by characteristic bursting activity and spatially restricted VRFs (Knudsen 1982) . Position within the OT was determined based on the VRF location.
The auditory and visual maps in the OT are aligned across the majority of the owl's visual field; however, this correspondence dissipates at the extremities (Knudsen 1982) . Therefore, our survey was confined to the rostral and central regions of the OT, representing the frontal area of space, from Ϫ40 to ϩ40°in azimuth, and from Ϫ30 to ϩ30°in elevation. Figure 1 shows the distribution of the VRFs from all recording sites in the adult, age-matched control and noisereared owls.
For each electrode penetration, recording sites were sampled every 300 or 400 m. Different penetrations within a recording session were spaced by Ն500 m. Two to six electrode penetrations were conducted in a single recording session. Recording sessions were performed weekly during the first month of recording and less frequently in later stages.
Data analysis. Responses were defined as the average number of spikes in a 100-ms time window after stimulus onset minus the average number of spikes during a 100 ms window immediately before stimulus onset. Optimal values of ITD and ILD were calculated as the midpoint of the range of the tuning curve over which the responses were Ͼ50% of the maximal response. If this range exceeded the range of the tuning curve, the optimal value was defined as the value eliciting maximal response. Auditory threshold was defined as the lowest ABI value eliciting 20% of the maximal response in the rate-level function.
To quantify the selectivity to ITD and ILD, each tuning curve was normalized by dividing the responses by its maximal response. The following tuning index (TI) (Spitzer et al. 2004 ) was then calculated:
where R i is the normalized average response to value i (ITD or ILD) and d i is the distance between value i and the unit's optimal value. The tuning index ranges between 1 if the response is uniform and 0 if the unit responds only to the optimal value.
Lateralization of ILD tuning curves was quantified by calculating the center of gravity (CG):
where C i is the center between two successive ILDs and A i is the area under the tuning curve between the two ILDs.
To statistically assess the differences between the experimental groups, we used ANOVA followed by Tukey's multiple comparison tests in cases where more than two distributions were compared or t-test when only two distributions were compared. The relative large number of recording sites obtained from each group renders these parametric tests, as a rule, robust to deviations from their underlying assumptions (e.g., normal distributions, equal variances). A bootstrap test was used to compare the differences of the center of gravity between the two sides of the brain (see Fig. 8C ). The bootstrap test was chosen because the difference between the two sides of the brain is a complex estimator whose distribution cannot be measured directly.
RESULTS
We systematically surveyed the ITD and ILD maps in the OT of 10 juvenile barn owls. Six of the owls were raised in continuous broadband acoustic noise conditions (see MATERIALS AND METHODS) from before the opening of their eyes and hearing onset (Koppl and Nickel 2007) until the age of 2 mo. Four of the owls were raised in the same box and conditions but with the acoustical noise omitted (age-matched control birds). Electrophysiological surveys were made in all juvenile birds starting at the age of ϳ65 days, when the owls typically have achieved adult appearance, and continued over a period of Ն4 wk. In addition, we surveyed the ITD and ILD maps in three adult barn owls (Ͼ200 day). The adult birds were raised normally and grown in our owl colony. Table 1 shows a summary of all of the owls used in this study. Auditory threshold was estimated in each recording site (see MATERIALS AND METHODS). Noise-reared owls had, on average, slightly elevated auditory thresholds compared with age-matched controls (average difference of ϳ3 dB). Results from age-matched control birds. An example of a single recording site in the OT of an age-matched control bird is shown in Fig. 2, A and B . This site demonstrates the typical ITD response curve of tectal units characterized by one prominent peak accompanied by additional side peaks (Pena and Konishi 2000) . The ILD response of the same recording site is shown in Fig. 2B . The tuning curve displays the characteristic pattern of a single peak (Olsen et al. 1989) . The relationship between the optimal ITD and the azimuth of the VRF (Fig. 2C ) and the relationship between the optimal ILD and the elevation of the VRF (Fig. 1D ) suggest a systematic linear relationship between both binaural cues and the position of the VRF. The slope of the ITD regression line was about 2 s/°and the slope of the ILD regression line was ϳ0.3 dB/°. The ITD regression line crossed the zero azimuth axes at an ITD close to zero and the ILD regression line crossed the zero elevation axes at an ILD of about ϩ4 dB (right ear louder). These relationships are in good agreement with corresponding data obtained from normal adult barn owls (Olsen et al. 1989 ) as well as data from normal juvenile barn owls (60 -80 days; Brainard and Knudsen 1998) and reflect the binaural cue values recorded in the ear canals of barn owls (Olsen et al. 1989) . Similar results were obtained for all four age-matched control birds. Moreover, in the age-matched control birds, as in normal adults (Knudsen 1982; Olsen et al. 1989) , the optimal ITD and azimuth of the VRF progressed systematically along the rostrocaudal axis of the OT, and the optimal ILD and elevation of the VRF progressed systematically along the dorsoventral axis of the OT (see examples in Figs. 3, 4B, and 7A). We conclude that the control birds, which were raised and hand-fed inside the box, expressed seemingly normal and adult-like ITD and ILD maps in the OT.
ITD representation in noise-reared birds. Figure 3A shows results from two penetrations through the OT, one from an age-matched control owl (left) and one from a noise-reared owl (right). Data from five consecutive recording sites along each penetration are shown. Importantly, in this example, the VRFs of the recording sites from the noise-reared owl are matched to those from the control owl (Fig. 3C ). This indicates that the recording sites are from similar areas within the OT. Thus, if noise rearing has no effect on ITD representation, it is expected that the auditory responses shown at right (noise-reared owl) would be comparable to those shown at left (age-matched control owl). The units from the age-matched control owl responded to narrow ranges of ITDs. The main response range in all five sites was centered on the same ITD value, which in this penetration was ϳ0 s (see the average tuning curve of this penetration in Fig. 3B ). The approximate consistency of the optimal ITD value along the dorsoventral penetration is expected from the normal topography of the ITD map (Olsen et al. 1989 ). The average ITD curve of all five sites in this penetration demonstrated a typical normal ITD tuning (see also Fig. 2A ). In contrast, the units from the noise-reared owl demonstrated highly abnormal ITD tuning: The most dorsal site responded weakly whereas the deeper sites responded consistently to all sounds with no apparent ITD selectivity. Such sites, which responded to sounds without apparent ITD selectivity, were rarely encountered in the age-matched control birds and never consistently in subsequent recording sites along a penetration.
Another noticeable observation in Fig. 3A is that the prolonged responses in the age-matched control owl (left) are absent in the examples from the noise-reared owl (right). This pattern of response was occasionally observed in noise- C: relationship between the optimal ITD and the horizontal VRF location of all recording sites from one control owl. D: relationship between the optimal ILD and the vertical VRF location of all recording sites from the same owl as in C. Diagonal line designates the regression line whose equation is shown at top. reared owls (see also Figs. 6 and 9) and may reflect the action of delayed lateral inhibition, which was identified in the auditory space map of the barn owl (Spitzer et al. 2004 ). Delayed lateral inhibition normally leads to narrow tuning of the late responses. However, when the spatial tuning of the neurons in the map is very broad, as is the case in the examples in Fig. 3A , we expect larger numbers of neurons to respond to each stimulus, resulting in stronger lateral inhibition. Such a comprehensive inhibition can completely suppress the late responses.
A summary of all ITD tuning curves recorded from the same noise-reared owl during the first 2 mo of recordings is shown in Fig. 4A . The ITD tuning curves (rows in the plot) are organized from the site with the leftmost visual receptive field (bottom row) to the site with the rightmost receptive field (top row). For comparison, a similar plot showing all the tuning curves recorded from one age-matched control owl is shown in Fig. 4B . The normal ITD representation can be seen in the control owl where the tuning curves are mostly narrow and the peak ITD progresses from negative ITDs (left ear-leading sounds) to positive ITDs (right ear-leading sounds). In the noise-reared owls, the acuity of the tuning curves was markedly degraded compared with the control, and in many sites no tuning was observed at all. Moreover, the progression of the optimal ITD value from left to right ear leading was clearly distorted.
To quantify the broadness of ITD tuning, we calculated the ITD tuning index (see MATERIALS AND METHODS). The average tuning index of each bird participating in this study is shown in Fig. 5A , and the population averages of the three experimental groups are shown in Fig. 5B . The tuning indexes of the noise-reared owls were significantly greater than those of the age-matched control and adult birds (0.23 Ϯ 0.13, n ϭ 543; 0.16 Ϯ 0.09, n ϭ 284; 0.14 Ϯ 0.08, n ϭ 293; respectively, means Ϯ SD; P Ͻ 0.001, Tukey's multiple comparison test). The tuning indexes of the control birds did not differ significantly from those of the adults (P Ͼ 0.05, Tukey's multiple comparison). Thus ITD tunings in noise-reared owls tended to be broader than those in the control and adult birds. The extent of this tendency varied among the noise-reared owls, from very broad ITD tuning at most recording sites (owl #274) to mostly narrow ITD tunings (owl #271), albeit still broader than the average of the control owls. To verify that the conclusions of this study are not dominated by the data from owl #274, we have repeated the analysis omitting the results from this bird. ITD tunings in the five remaining noise-reared owls remained significantly broader than those in the age-matched control and adult owls (P Ͻ 0.001, Tukey's multiple comparison test).
As mentioned earlier, noise-rearing induced, in addition to broadening of ITD tuning curves, a slight increase of the average auditory thresholds (ϳ3-dB difference). To rule out the possibility that the effects on ITD tuning were a result of this minute elevation in thresholds, we correlated the average auditory threshold of each noise-reared bird with its average tuning index. No correlation was found between auditory thresholds and ITD tuning indexes. Similarly, the effects of noise rearing on ILD tuning width, reported below, were not correlated with the auditory thresholds. Thus the elevated thresholds cannot account for the effects of noise rearing on the representation of binaural cues.
ILD representation in noise-reared owls. Figure 6A shows ILD tunings from representative penetrations through the OT. As in Fig. 3 , recordings from five consecutive sites in each penetration are presented. The two left columns show results from penetrations in the left OT; one from a noise-reared owl and the other from an age-matched control owl. In the control bird, the responses tended to segregate around a single ILD value. This preferred ILD value advanced from positive ILDs to negative ILDs as the penetration progressed ventrally, as expected from the well documented normal topography of the ILD map (Olsen et al. 1989 ). In the noise-reared owl, on the other hand, the responses tended to cover a broader range of ILDs, and most obvious, the responses were not symmetrical in the ILD range but tended towards positive values (right earlouder). The two right columns show corresponding results from two penetrations in the right OT of control and noisereared owls. The asymmetry of the ILD tuning was also apparent in the right OT of the noise-reared owl. However, here it was clearly inverted, preferring negative ILD values (left ear-louder). The marked differences in the results between the noise-reared and control owls are best observed by comparing the raster plots inside the gray frame in Fig. 6A , whose tuning curves are shown in Fig. 6B . The VRFs of these four recording sites were at the same approximate elevation (pointed by arrows in Fig. 6C ; ϳ2°below the horizon). Therefore, it is expected that all ILD tuning curves will display a similar pattern [in barn owls, ILD tuning in frontal space corresponds to VRF elevation (Knudsen et al. 1994) ]. Indeed, both sides of the control owl showed a symmetrical response pattern around an ILD of about ϩ4 dB (right ear louder) as expected in normal owls for receptive fields at near-zero elevations (Olsen et al. 1989 ). In the noise-reared owl, on the other hand, both sides showed inverted patterns: the right OT site preferred left ear-louder sounds and the left OT site preferred right ear-louder sounds.
A summary of all ILD tuning curves measured during the first 2 mo of recordings in one control owl and one noise-reared owl is shown in Fig. 7 . The tuning curves are organized according to VRF elevation. Results from the site having the lowest VRF are shown at the bottom row and the highest VRF at the top row. The normal ILD map is evident in both the left and right OT of the control owl (Fig. 7A) , demonstrating a peak in ILD tuning, which gradually shifts towards positive values. In the noise-reared owl (Fig. 7C) , the progression towards positive values was clearly less organized than in the agematched control. The most apparent difference, however, was the abnormal disparity between the two sides of the brain observed in the noise-reared owl but not in the age-matched control. Many of the tuning curves in the noise-reared owl had an elongated tail extending to positive values (right ear louder) in the left OT and to negative values (left ear louder) in the right OT. This contralateral bias is evident in the average plots shown in Fig. 7D .
To quantitatively compare ILD tuning width between the three experimental groups, we calculated the ILD tuning index. The average tuning indexes of each owl are shown in Fig. 8A , and the population average of the three experimental groups are shown in Fig. 8B . The ILD tuning indexes of the noisereared owls were significantly greater than those measured from the age-matched controls and adults (0.17 Ϯ 0.09, n ϭ 597; 0.11 Ϯ 0.06, n ϭ 420; 0.14 Ϯ 0.07, n ϭ 303; respectively, means Ϯ SD; P Ͻ 0.001, Tukey's multiple comparison test). Interestingly, in the noise-reared owls, a significant correlation existed between the ILD tuning indexes and the ITD tuning indexes, while in the other owls (adult and control groups combined) no such correlation existed. Thus owls that were more affected by noise rearing at the ITD representation were also more affected at the ILD representation. A comparison between experimental groups revealed an intriguing difference between juvenile controls and adult birds. The ILD tuning width of adults was significantly larger compared with the controls (Fig. 8, A and B ; Tukey's multiple comparison test, P Ͻ 0.001).
To address the contralateral bias of ILD tuning observed in noise-reared owls (Figs. 6 and 7, C and D) , we calculated the center of gravity of each ILD tuning curve (see MATERIALS AND METHODs) . Figure 8C compares the average results between the left and right OT for the three experimental groups, and Fig.  8D shows the average results for each owl separately. In the adult birds, the average center of gravity was slightly positive (Fig. 8B ; left OT: 1.6 Ϯ 5.4 dB, n ϭ 108; right OT: 1.8 Ϯ 4.4 dB, n ϭ 197; means Ϯ SD) and no significant difference was observed between both sides of the brain (P ϭ 0.7, t-test) . In the noise-reared owls, a clear disparity between both sides can be seen (Fig. 8C) . The average center of gravity in the left OT was significantly more positive than that of the right OT (left OT: 3.9 Ϯ 4.1, n ϭ 299; right OT: Ϫ0.4 Ϯ 4.7, n ϭ 303; means Ϯ SD; P Ͻ 0.001, t-test). Thus there was a bias towards louder sounds in the contralateral ear. Surprisingly, a significant contralateral bias was also found in the age-matched control owls. Although the average center of gravity in both sides of the brain was positive (right ear biased), the average center of gravity in the left OT was significantly more positive than the right OT (left: 3.1 Ϯ 4.3, n ϭ 257; right: 1.8 Ϯ 4.7, n ϭ 164; means Ϯ SD, P ϭ 0.005, t-test). However, the disparity between both sides of the brain in the noise-reared owls was significantly greater compared with the age-matched controls (P Ͻ 0.001, bootstrap test). A nested ANOVA revealed main effects of the experimental group (P ϭ 0.002) and the side of the brain (P Ͻ 0.001), and an interaction between the experimental group and the side of the brain (P Ͻ 0.001).
Recovery of abnormal ITD and ILD representations. It is interesting to address the question whether the effects induced by noise rearing are irreversible or if a potential for recovery exists. For this, we divided the results into two periods: an early period (weeks 1-2 following removal from the box) and a late period (weeks 5-7). In owl #274, which had the greatest effect on the tuning of ITD and ILD, we observed a substantially slower recovery compared with the rest. Therefore, the early period in this owl was defined as weeks 1-3 and the late period weeks 20 -24. A similar division into two periods was performed in two of the control owls (weeks 1-2 and 5-7 following removal from the box). In the remaining two control birds, we obtained data only from the first month and therefore could not perform a recovery analysis. Figure 9 compares raster plots and ITD tuning curves obtained from two penetrations through the OT of the same owl, one measured during the early period ( Fig. 9A ) and the second during the late period (Fig. 9B) . Importantly, the VRFs in both penetrations covered similar regions in space (Fig. 9C) , indicating that the recording sites were in about the same locations in the OT. It can be seen that within 5 wk the ITD representation in this area changed towards a more pronounced and sharper tuning.
A summary of all ITD tuning curves from one noise-reared owl during the early period (Fig. 10A) is compared with all the corresponding ITD tuning curves measured during the late period (Fig. 10B ). In this owl, an ITD map was absent in the early period but clearly developed within 4 mo.
The average ITD tuning indexes measured in the two periods are compared for each owl in Fig. 10C . The owls showing greater effects on the ITD tuning index (owls #274, 260, and 263) showed a significant recovery of the index (P Ͻ 0.001, one-tailed t-test). The remaining owls had a less pronounced effect on ITD tuning compared with controls and correspondingly no significant recovery in the late period. No significant sharpening of the ITD tuning was evident in the control birds (P Ͼ 0.05, one-tailed t-test). The average ITD tuning index of the noise-reared group was reduced significantly in the late period (P Ͻ 0.001, one-tailed t-test) while no significant narrowing of ITD tuning occurred in the control group ( Fig.  10D; P Ͼ 0.05, one-tailed t-test) . Hence, the effect of noise rearing on the width of ITD tuning curves tended to recover within several weeks.
We also assessed the recovery of the ILD tuning curves. The raster plots and tuning curves shown in Fig. 11, A and B, were recorded from the same sites whose ITD tuning curves and VRFs are shown in Fig. 9, A, B, and C, respectively. These sites were recorded from the right OT. It can be seen that the negative (contralateral) bias of the ILD tuning curves observed in the early period penetration (Fig. 11A) changed towards more symmetrical, bell-shaped, responses in the late period penetration (Fig. 11B) . Moreover, the optimal ILD values in the early period did not shift systematically with recording depth. This changed in the late period, where peak ILDs shifted towards negative ILDs.
ILD maps from the right OT of a noise-reared owl (the same owl as in Fig. 10, A and B) obtained at the early and late periods are shown in Fig. 12, A and B, respectively. The ILD map changed from a disorganized and contralaterally biased Fig. 3A . B: ITD tuning curves measured from the same owl as in A during a 3-wk period beginning 20 wk after removal of the noise. C: average ITD tuning indexes in the early vs. the late period are shown for each owl in which the recovery was monitored (6 noise-reared owls and 2 age-matched controls). D: average ITD tuning index in the early and late periods (dark and light green, respectively) of all noise-reared owls is compared with that of the control owls (dark and light blue, respectively). *P Ͻ 0.05, **P Ͻ 0.001, significance level (one-tailed ttest). Error bars represent SE. map (Fig. 12A) to a systematic and more symmetric map (Fig.  12B) . The recovery of the ILD representation is evident in the average ILD tuning indexes shown in Fig. 12C . A significant sharpening of ILD tuning in the late period compared with the early period was observed in all the noise-reared owls (P Ͻ 0.05, one-tailed t-test). No sharpening was observed in the control owls (P Ͼ 0.05, one tailed t-test). In conclusion, the effect of noise rearing on the width of ILD tuning curves tended to recover within several weeks, as did the effect on ITD tuning curves. Similarly, the contralateral bias of ILD tuning (difference between average centers of gravity in the right and left OT) was reduced significantly in the late period compared with the early period (P Ͻ 0.001, bootstrap).
DISCUSSION
Noise rearing and sensory deprivation. The methodological strategy used in this study was to expose hatchlings to continuous broadband acoustical noise from multiple sources (omnidirectional). The noise serves to mask natural environmental auditory signals. It is important to note, however, that exposure to omnidirectional masking noise does not prevent an animal Fig. 11 . Example of ILD tuning recovery. Responses to the ILD test of the recording sites from the 2 penetrations that are presented in Fig. 9 . Format as in Fig. 9 , A and B. Fig. 12 . Recovery of the ILD map. A: ILD tuning curves measured during the first three weeks after removal of the noise from a single noise-reared owl are shown. Format as in Fig. 7A . B: ILD tuning curves measured from the same owl as in A during a 3-wk period beginning 20 wk after removal of the noise. C: average ILD tuning indexes in the early vs. the late period are shown for each owl in which the recovery analysis was performed (6 noise-reared owls and 2 controls). D: average ILD tuning index in the early and late periods (dark and light green, respectively) of all noise-reared owls is compared with that of the control owls (light and dark blue, respectively). *P Ͻ 0.05, **P Ͻ 0.001, significance level (one-tailed t-test). Error bars represent SE. from experiencing sounds but rather provides an acoustic environment in which temporal and spatial correlations and varying frequency patterns are reduced, an environment in which acoustical directional information is impaired (Meffin and Grothe 2009; Withington-Wray et al. 1990b ). Long-term exposure to broadband noise (LTEN) has been used effectively in several animal studies to mask environmental auditory signals in a reversible manner. To name a few: in guinea-pigs, LTEN disrupts the topography of the auditory space map (Withington-Wray et al. 1990b) ; in rats, LTEN delays the emergence of adult-like tonotopic organization (Chang and Merzenich 2003) ; and in song birds, LTEN delays the crystallization of the normal song (Funabiki and Konishi 2003) . Importantly, the effects mentioned above resemble the effects obtained under absolute sensory deprivation, like dark rearing or deafening (Withington-Wray et al. 1990a; Iyengar and Bottjer 2002; Carriere et al. 2007 ). In the OT of barn owls, neurons do not respond to binaural uncorrelated sounds (Albeck and Konishi 1995; Takahashi and Keller 1994) and they strongly adapt to continuous noise (Gutfreund and Knudsen 2006; Reches and Gutfreund 2008) . Therefore, the effects reported here are likely to result from the deficiency of acoustical directional information rather than from the addition of acoustical background.
Maturation of ITD and ILD representation. The main effects of noise rearing were broader ITD and ILD tuning curves and contralateral bias of the ILD representation. It has been commonly shown that the maturation of brain maps involves a process of narrowing the receptive fields (Wallace and Stein 1997; Chang and Merzenich 2003) . Therefore, the broader tuning curves in noise-reared owls suggest a delay in the maturation of the space map. The contralateral bias of ILD representation is reminiscent of the normal ILD representation in the lateral lemniscus dorsal posterior nucleus [LLDp; formerly known as VLVp (Carr and Code 2000) ], the first stage in the ILD processing pathway of the barn owl (Manley et al. 1988 ). In the LLDp, ILD tuning curves are asymmetrical, sigmoid-like, with high responses to contralateral ear louder sounds. The signals from the LLDps of both sides of the brain are combined and integrated in the inferior colliculus (IC) to form neurons with bell-shaped tuning curves with no apparent lateral bias (Adolphs 1993; Pena and Konishi 2002) . These, in turn, are projected onto the OT to form the mapped representation of elevation (Knudsen and Knudsen 1983) . The mechanism of the transformation from asymmetrical to bell-shaped curves involves GABAergic inhibition but is not fully understood (Adolphs 1993) . The observation of the abnormal, asymmetrical representation in noise-reared owls at the OT level, together with the finding that significant contralateral bias can be found in control juvenile owls and not in adults, suggests that the transformation to symmetrical representation depends on a late experience-dependent developmental process. Thus both effects (broadening and contralateral bias of ILD representation) imply that a delay in the maturation of the map occurs in noise-reared owls. This is consistent with the hypothesis that experience with proper acoustical cues is necessary for the maturation of the spatial map.
The quantitative effects of noise rearing were considerably variable between owls ( Figs. 5A and 8, A and D) . Why is it that despite the fact that all six owls experienced similar noise exposure, effects on ITD and ILD tuning were larger in some owls compared with others? This variability suggests that there are other unknown factors that significantly influence the development of binaural representations. Similar variability has been observed in other studies in which long term sensory manipulations have been performed in barn owls (Mogdans and Knudsen 1992; Linkenhoker and Knudsen 2000; Bergan et al. 2005) . Thus the susceptibility of the OT to experiencedependent plasticity seems variable among individual barn owls. It is of major interest to identify the source of this variability that could reflect genetic or behavioral variability (stress levels, attention levels, etc.).
An unexpected finding was that the ILD tuning indexes in adult owls were significantly broader than in control juveniles (Fig. 8B) . This apparently challenges the notion mentioned above that maturation processes involve sharpening of tuning curves. One possible explanation stands on the frequency dependency of the relationship between ILD and sound source elevation (Keller et al. 1998; . As a result of this dependency, the maturation of ILD representation is expected to involve integration of different ILDs across frequency channels (Euston and Takahashi 2002; Arthur 2004) . Since ILD tuning was assessed using broadband stimuli, such integration should lead to broader ILD tuning. This result, therefore, is in line with the hypothesis that the proper tuning of auditory neurons to ILD spectral cues is a relatively late experience-dependent process.
Previous studies led to the establishment of the concept of critical periods, after which experience cannot influence the map, and the abnormal effects are stabilized for life (for review, see Hooks and Chen 2007). Here, we found no evidence for critical periods: all effects seem to recover over a period of several weeks following the termination of noise. In one owl, which exhibited the strongest noise-rearing effects, the abnormal appearance lingered for several months, yet was clearly recovering. The recovery plasticity coincided with the sensitive period identified by Brainard and Knudsen (1998) during which visual signals strongly shape auditory inputs to the map (age 60 -200 days). It is possible that similar plasticity mechanisms are recruited for the recovery of the ITD and ILD representations. This study, therefore, agrees with a large group of studies, which together support the notion that critical periods are not as a general principle as previously thought (review in Hensch 2003) . Rather, the existence of critical periods depends on the system at hand and the nature of the experimental conditions (Linkenhoker and Knudsen 2000; Bergan et al. 2005; de Villers-Sidani et al. 2008) .
Comparison with other species. The auditory map in the midbrain of mammals and birds is fundamentally different from the retinotopic, somatotopic, and tonotopic maps. The latter reflect topographic projections of axons from the sensory epithelium, whereas in the auditory space map the information is computed from basic sensory elements (intensity, time, and frequency) and is therefore considered an example of a computational map (Knudsen et al. 1987; King 1999) . Interestingly, in the OT, the computational auditory map of space coexists with the projected visual map (Knudsen 1982; King and Hutchings 1987; Stein and Meredith 1993) . Do the two maps share similar mechanisms of development? Previous studies suggest that the visual map in the superior colliculus (SC; the mammalian homologue of the OT) is capable of developing independent of visual experience, relying on molecular gradients (Goodhill and Xu 2005) and spontaneous activity (Katz and Shatz 1996) . Dark-rearing experiments in rats demonstrated that visual experience is important for maintenance but not for the development of the visual map in the SC (Carrasco et al. 2005) . Similarly, in barn owls and ferrets, visual manipulations such as blind (sutured eyelids) or prisms-rearing had very little effect on the visual space map (Knudsen et al. 1991; Feldman and Knudsen 1997; King and Carlile 1993) .
What about the auditory space map? Several studies have shown that the auditory map in the SC is gradually refined during the early stages of life (Vachon-Presseau et al. 2009; Wallace and Stein 1997; Campbell et al. 2008) . Although such postbirth refinement is consistent with experience-dependent development, it does not rule out the possibility that the formation of the map does not involve sensory experience. More direct evidence for the involvement of sensory experience has been achieved through long-term manipulation experiments, such as earplug, blind, and dark rearing. Visual deprivation studies have demonstrated an abnormal alignment of the auditory map with the visual map in ferrets (King and Carlile 1993) and barn owls (Knudsen et al. 1991 ) but mostly normal auditory receptive fields. The effects of earplugs on barn owls have been a frequency-dependent compensating shift in the tuning of neurons (Mogdans and Knudsen 1992; Gold and Knudsen 1999) . It is important to note that earplugs do not deprive from auditory cues but rather alter the relationship between binaural cues and the sound source location (Gold and Knudsen 1999) . Nevertheless, these results demonstrate that the auditory space map in the midbrain is sensitive to sensory experience at early stages of life. As discussed above, the LTEN used in this study is different from these examples since it is expected to provide a deprivation, to a certain extent, from acoustic spatial information. Therefore, the current study is comparable with studies assessing the effects of blind rearing on the visual map. Our results support the notion that the auditory space map in the OT develops differently than the visual map in that it requires sensory experience with spatial cues.
The effects of early auditory experience on the representation of sound localization cues in the brainstem have been studied in the gerbil (Werthat et al. 2008; Seidl and Grothe 2005; Kapfer et al. 2002) . It was shown that the initial stages of ITD processing are disrupted by LTEN. In our study, we did not record outside the OT and therefore cannot answer the question to what extent the observed effects reflect disruption of circuits at the brainstem or at higher levels. Previous studies in barn owls have shown that the axonal connections of the central nucleus of the IC with the external nucleus of the IC are particularly vulnerable to experience-dependent plasticity (Feldman and Knudsen 1997; DeBello et al. 2001; Linkenhoker et al. 2005) . Moreover, a transformation from neurons that are sharply tuned to frequency to neurons that are sharply tuned to ITD and ILD (space-specific neurons) is achieved between these two nuclei (Takahashi et al. 2003) . Thus it is possible that LTEN delays the maturation of this critical connection. Interestingly, DeBello et al. (2001) showed that axonal projections from the central nucleus to the external nucleus of the IC have broader fields in juveniles (ϳ60 days) compared with adults. Yet, this age-related difference is not correlated with the widths of the physiological tuning curves [our results ( Fig. 5 ) and Feldman and Knudsen (1997) ]. Thus the refinement of ITD representation seems to follow two stages: in the first stage, existing connections are functionally suppressed, and in the second stage, these connections are anatomically eliminated. Our results demonstrate that the first stage is experience dependent.
